Highlights d Marine protected areas must extend over 10 km to protect site-attached reef sharks d More mobile reef shark species can be protected only if MPAs are over 50 km long d Annual fishing mortality was cut by 50% for all assessed species with 15-km MPAs d Atlantic MPAs should be 2.63 larger than Pacific MPAs to protect similar abundances
In Brief
Global tracking networks and underwater monitoring are providing new insights into marine animal movements and local abundances. Dwyer et al. use these datasets to measure the conservation effectiveness of MPAs, showing that the majority of the world's coral reef-based MPAs are too small to protect five globally predominant coral reef shark species.
SUMMARY
No-take marine protected areas (MPAs) are a commonly applied tool to reduce human fishing impacts on marine and coastal ecosystems. However, conservation outcomes of MPAs for mobile and long-lived predators such as sharks are highly variable. Here, we use empirical animal tracking data from 459 individual sharks and baited remote underwater video surveys undertaken in 36 countries to construct an empirically supported individual-based model that estimates the conservation effectiveness of MPAs for five species of coral reef-associated sharks (Triaenodon obesus, Carcharhinus melanopterus, Carcharhinus amblyrhynchos, Carcharhinus perezi, and Ginglymostoma cirratum). We demonstrate how species-specific individual movement traits can contribute to fishing mortality of sharks found within MPAs as they move outside to adjacent fishing grounds. We discovered that the world's officially recorded coral reef-based managed areas (with a median width of 9.4 km) would need to be enforced as strict no-take MPAs and up to 5 times larger to expect protection of the majority of individuals of the five investigated reef shark species. The magnitude of this effect depended on local abundances and fishing pressure, with MPAs required to be 1.6-2.6 times larger to protect the same number of Atlantic and Caribbean species, which occur at lower abundances than similar species in the western Pacific. Furthermore, our model was used to quantify partially substantial reductions (>50%) in fishing mortality resulting from small increases in MPA size, allowing us to bridge a critical gap between traditional conservation planning and fisheries management. Overall, our results highlight the challenge of relying on abundance data alone to ensure that estimates of shark conservation impacts of MPAs follow the precautionary approach.
INTRODUCTION
Conservation of elasmobranchs (sharks and rays) is increasing in priority on a global scale as evidence for the decline of many species accumulates [1, 2] . Currently, 24% of elasmobranch species are estimated to be threatened with extinction [1] , with globally pervasive fishing representing the major driver of decline for many populations [3, 4] . As markets and demand for elasmobranch products have increased [5] , so has pressure on their populations. Alarming declines were first reported among pelagic species (e.g., [6, 7] ), but similar concern is now evident regarding the declining status of reef-associated shark species (e.g., [8] [9] [10] [11] ). Targeted conservation measures are now required to mitigate the currently unsustainable levels of fishing pressure and other anthropogenic stressors on coral reef sharks, specifically where traditional fisheries management is either lacking or has failed to ensure their recovery. One of the most commonly applied tools for shark and ray conservation is the designation of no-take marine protected areas (MPAs) [12, 13] . These directed MPAs are officially declared spatial closures to targeted shark fishing, aiming to increase the number of sharks within their boundaries and beyond [14] . MPAs have become a popular conservation strategy due to the challenges associated with traditional fisheries management approaches in complex reef systems and the distribution of much of the world's coral reefs in developing countries where management is particularly challenging [15] .
Multiple factors have been identified that moderate the effectiveness of MPAs for species conservation and population recovery. These include social and economic factors, such as the proximity to human population centers [9, 10] , markets [16] , and compliance [13, 15] , as well as ecological considerations, such as local species abundances, habitat quality, and the scale of movements of fishery species that MPAs intend to protect [17] . This relationship between the scale of a species' movements and local MPA size is one of the most critical considerations for whether MPAs can be expected to achieve conservation goals [17] [18] [19] . In more heavily fished regions, expansions of MPA boundaries-if properly enforced-should decrease the amount of time more mobile (or less philopatric) organisms spend exposed to elevated risk of fishing mortality. Incomplete protection of an individual's activity space may be especially detrimental to shark species due to their low fecundity, late age at sexual maturity, and high susceptibility to fishing pressure [1] . Recent global efforts to systematically survey population sizes (e.g., using baited remote underwater video stations; BRUVSs) and track individual movements (e.g., biotelemetry) have been used to gain important ecological insights into the occurrence, spatial usage, resource dependence, and site fidelity of coral reef sharks (e.g., [20] [21] [22] [23] [24] [25] ). Although some studies have reported higher or increased reef shark abundance within no-take MPAs [14, 21, 22] , there is uncertainty to what degree these individuals are afforded protection over extended periods of time (i.e., across an annual cycle or over an individual's lifetime [26] ). Furthermore, empirical studies often fail to predict how reserve effectiveness might change under different management scenarios [27] , such as reduced fishing pressure outside reserve boundaries or with increased reserve size.
Predictive modeling can help fill this gap and individual-based models (IBMs) are widely used in many disciplines to scale individual-level behavioral decisions to predict population-level impacts [28] . IBMs have the capacity to capture potentially high individual variability in movement traits. This includes intra-specific variability associated with shark size, reproductive status, sex, tracking period/season, and survey location. Furthermore, by incorporating spatially explicit local abundance measures, IBMs are also able to estimate the number of individuals a no-take reserve is likely to protect in areas where sharks are abundant compared to areas where they are less common. In combination, these data provide a unique baseline for determining effective MPA sizes required to protect reef sharks. Here, we use a large dataset tracking the movements of five species of reef shark (e.g., [29] ) in combination with systematic shark population surveys undertaken in 36 different countries (Global FinPrint; https://globalfinprint.org) to determine the efficacy of MPAs to protect reef shark populations from fishing in the Pacific and Caribbean regions. The outcomes provide a unique opportunity to understand how intra-and interspecific variations in animal movements and local estimates of reef shark abundance are likely to influence global shark conservation initiatives.
RESULTS

High Inter-specific Variability in Movement Traits
We analyzed movements of tagged sharks monitored using acoustic telemetry in the west Pacific Ocean (2 sites), the east Indian Ocean (3 sites), the west Atlantic (1 site), and the Caribbean Sea (2 sites) ( Figure S1 ). The movement dataset included detections from 19 whitetip reef sharks (Triaenodon obesus), 170 blacktip reef sharks (Carcharhinus melanopterus), 179 gray reef sharks (Carcharhinus amblyrhynchos), 58 Caribbean reef sharks (Carcharhinus perezii), and 32 nurse sharks (Ginglymostoma cirratum).
The maximum distance traveled by tagged reef sharks varied substantially both among and within species. Movements <5 km were frequent (>80% of all movements) for blacktip reef sharks, Caribbean reef sharks, gray reef sharks, and whitetip reef sharks but much less common among nurse sharks (40%). Similarly, movements >10 km were rare (<3% of all movements) for all species except nurse sharks (22%). Of the five species investigated, whitetip reef sharks were the most site attached, indicated by a rarity of movements >2 km (mean ± SEM; 20.7% ± 6.9%) and a strong peak at the center of its movement spectrum (i.e., the average weekly distance traveled by tagged sharks around an assumed center of activity; Figure 1 ). Nurse sharks were the least site attached of the five shark species and showed the greatest degree of individual variation in weekly space use (mean movement distance ± SD; 8.02 ± 5.03 km; Table 1 ) and a greater spread of movements and longer tails within its movement spectrum ( Figure 1 ).
Individual Protection of Reef Sharks in MPAs
We found that larger MPAs were required to provide the same level of protection for more mobile species, such as nurse sharks, than for more site-attached species, such as whitetip reef sharks ( Figure 2 ). This was because individual nurse sharks were predicted to spend a greater proportion of their activity space (i.e., the area under a simulated shark's movement profile) outside an MPA compared with whitetip reef sharks, thereby having a greater risk of exposure to fishing mortality. For example, an MPA that covers 2 km of continuous reef habitat was predicted to protect on average 43% (SD 35%) of a whitetip reef shark's activity space, whereas protecting <25% of the activity space of the other four species. More ambitious recommendations of a 20-km-long MPA protected on average between 58% and 88% of the activity space of the investigated shark species (mean ± SD; whitetip 88% ± 28%; blacktip 73% ± 37%; gray 67% ± 39%; Caribbean 76% ± 34%; nurse 58% ± 37%). Only once MPAs extended over 100 km of linear reef habitat did the mean protection of the activity space of all shark species come close to or exceed 90% protection.
The simulated protection of sharks in MPAs relative to the assumed fishing mortality risk outside of MPAs could also be used to make explicit predictions of likely conservation benefits. For example, to protect at least 50% of all local individuals from fishing mortality, a 10-km-long MPA would be required for whitetip reef sharks, 20 km for blacktip or Caribbean reef sharks, 30-km reserves would be required for gray reef sharks, and 50-km reserves would be required for nurse sharks ( Table 1) . The largest MPAs simulated in our study (100 km) provided full protection to only 80.2% of whitetip reef sharks, 69.8% of blacktip reef sharks, 63.4% of Caribbean reef sharks, 57.5% of gray reef sharks, and 46.0% of nurse sharks.
The Use of MPAs for Managing Shark Fisheries
When MPAs were smaller than 25 km in length, substantial reductions in annual fishing mortality could be achieved with relatively small increases in MPA size ( Figure 3 ). For example, annual fishing mortality could be reduced from F = 0.3 to F = 0.15 by implementing MPAs that were 3 km long for whitetip reef sharks, 10 km long for blacktip, gray, and Caribbean reef sharks, and 15 km long for nurse sharks. Fishing mortality offsets continued to drop as MPAs were increased beyond 20 km in length; however, the estimated fishery benefits offered from these MPAs were reduced in magnitude. Whitetip reef sharks experiencing heavy overfishing (F = 0.3) were provided a 47% reduction in annual fishing mortality with a 2-km-long MPA, a 90% reduction in mortality for a 20-km MPA, and a 97% reduction per year for a 100-km MPA ( Table 2) . For our other four species, fishing mortality offsets were on average 0.23 per year (SD 0.02) for a 2-km MPA (13%-26% reduction), 0.09 per year (SD 0.02) for a 20-km MPA (61%-78% reduction), and 0.02 (SD 0.01) for a 100-km MPA (89%-95% reduction). When the fishing pressure outside of MPAs was assumed to be lower the same trends remained, but total fishing mortality offsets were less pronounced. Whitetip reef sharks, for example, in our low annual fishing mortality scenario (F = 0.05), experienced fishing mortality offsets that ranged between 0.05 per year for a 2-km MPA, 0.006 per year for a 20-km MPA, and 0.001 per year for a 100-km MPA.
Global Priorities for Shark Conservation
Atlantic reef shark species were present at lower relative abundances than Pacific species during 7,998 h of BRUVS surveys undertaken at 82 locations in 36 countries (generalized linear mixed model [GLMM], X 2 = 19.77; p < 0.001; Figures 4 and S2). In the western Atlantic Ocean and the Caribbean Sea, the mean MaxN values (i.e., maximum number of sharks seen in a single frame of a 1-h video survey) ranged between 0.01 and 0.62 nurse sharks per survey (mean 0.19) and 0.01 and 1.05 Caribbean reef sharks per survey (mean 0.27). In the west Pacific Ocean, the mean MaxN values ranged between 0.02 and 2.00 whitetip reef sharks per survey (mean 0.29), 0.01 and 2.00 blacktip reef sharks per survey (mean 0.58), and 0.02 and 2.66 gray reef sharks per survey (mean 0.52). Following a cluster analysis that grouped BRUVS survey locations into high-and lowabundance regions, Apataki, Rangiroa, Takapoto, and Takaroa were identified by the cluster analysis as having relatively higher numbers of both blacktip reef sharks (mean 1.13-1.99 sharks per survey) and gray reef sharks (mean 1.26-2.66 sharks per survey) than other sampling locations. There were no sampling locations where all three Pacific reef shark species were identified in the high-abundance category. In the Caribbean and western Atlantic Ocean, Andros, Cayo Serranilla, the Exumas, Fernando de Noronha, Lighthouse Reef, and Old Providence Island were identified as having high numbers of both nurse sharks (mean 0.24-0.57 For clarity, we show levels of protection for a 2-, 10-, and 100-km-wide MPA and the minimum MPA size (rounded to the nearest 10 km) where >50% of all simulated sharks were fully protected.
Current Biology 30, 1-10, February 3, 2020 3 sharks per survey) and Caribbean reef sharks (mean 0.36-1.05 sharks per survey). According to model predictions based on the assumption of high fishing mortality (F = 0.3) outside MPA boundaries, the number of whitetip reef sharks provided full protection over their lifetime in high-abundance regions increased from 2 sharks for a 2-km-long MPA to 43 individuals for a 20-km-long MPA (Figure 5) . Local abundance had a strong impact on the number of individuals an MPA could be expected to protect and could switch the order of reef shark species most likely to benefit from MPAs. For example, in regions where sharks were relatively abundant and annual fishing mortality was low (F = 0.05), 100 blacktip reef sharks or gray reef sharks could be protected within a 35-km-long MPA whereas a 45-km MPA would be required to protect a similar number of whitetip reef sharks ( Figure S2 ). This was because whereas whitetip reef sharks were shown to be the most site-attached reef shark species in the Pacific regions, more blacktip reef sharks or gray reef sharks could be protected due to their observed densities during BRUVS surveys being comparatively higher. In the Caribbean and the western Atlantic Ocean, a 75-km-long MPA would be required to fully protect 100 Caribbean reef sharks over their lifetime and a 90-km MPA would be needed for 100 nurse sharks, even in areas where they occurred at relatively high abundances for that region. When annual fishing mortality was increased to 30%, a 35-km-long MPA would be required to provide lifetime protection to 100 blacktip reef sharks when present at high densities, whereas a 105-km MPA would be required to achieve the same protection for 100 nurse sharks. For all species in areas where they were recorded at low densities, >100-km-long MPAs were required to provide full protection to 100 sharks over their expected 25-year lifetime.
DISCUSSION
Recent studies have reported greater numbers of reef sharks within no-take MPAs [14, 21, 22] , and that the implementation of no-take MPAs can therefore be expected to support the recovery of reef shark populations [24] . Although some existing MPAs may be large enough to protect these mobile species, our results based on the most comprehensive dataset of individual reef shark movements currently available suggest that the vast majority of MPAs around the world are likely to be too small to provide long-term conservation benefits to reef sharks. Globally, 38% of officially recorded managed areas occurring in or adjacent to coral reef habitat are less than 5 km wide. However, we found that small closures such as these will not cover the extent of regular movements for the majority of individual sharks, leaving most individuals exposed to fishing pressure. Indeed, our findings suggest that MPAs would need to be no-take and extend over 10 km of continuous reef habitat to protect the majority of site-attached coral reef sharks (i.e., whitetips), and over 50 km to protect less site-attached species such as nurse sharks. Our findings support previous concerns about the conservation benefits of MPAs to mobile species [30, 31] and demonstrate that by failing to consider animal movements and lifetime exposure to fishing mortality, the presumed benefits of MPAs to sharks may be overestimated. Furthermore, we suggest that evidently higher shark abundances within some MPAs are not necessarily the result of effective protection. For example, MPAs generally increase the abundance of sedentary and site-attached fish species [17, 19, 32] , which could serve as an attractant to mobile predators such as sharks or other large fishes that may only use the area temporarily to target this prey resource. Although MPAs could provide benefits to sharks by drawing individuals toward an area of protection, it may also expose sharks with activity spaces falling both inside and outside an MPA to higher and more focused fishing pressure along an MPA's margins than would otherwise be present [33] . Spillover from MPAs has been proposed as a direct benefit to fisheries [34] [35] [36] and many fishers focus their efforts along MPA boundaries in order to benefit from these spillover effects, otherwise known as ''fishing the line'' [33] . These scenarios highlight the complexity involved in the application and impact of MPAs, and suggest that local assessments of shark abundance within MPAs cannot be relied upon as a benchmark for conservation effectiveness. Instead, we stress a precautionary approach that also considers a species' life history and movement ecology, as well as exposure to fishing-related mortality outside MPA boundaries throughout an individual's lifetime.
Although the conservation benefits of MPAs were linked to species-specific movement behavior and local abundances, we suggest that the highly resident behavior of whitetip reef, blacktip reef, gray reef, and Caribbean reef sharks makes them good candidates for conservation using MPAs. Previous research based purely on mark-recapture or electronic tagging data has reached similar conclusions [37] [38] [39] . Compared to most other shark species, these four reef-generalist species have highly constrained movements due to a high dependence upon coral reef habitat [37, [40] [41] [42] [43] . For other non-resident shark species known to move more broadly, however, increasingly large MPAs will likely be required to achieve similar conservation outcomes. Indeed, of the five species investigated in this study, nurse sharks were the least site attached and required the largest MPA (potentially due to highly variable seasonal behaviors [44] and wider habitat requirements including coral reef habitats as well as rocky or sandy habitats [45] ), whereas gray, blacktip, whitetip, and Caribbean reef sharks had highly constrained movements due to a high dependence upon coral reef habitat [37, [40] [41] [42] [43] . However, large MPAs are unlikely to be effective in many areas where there is a high dependence of human communities on fishing [13, 15] and limited resources to patrol large seascapes. In efforts to enhance conservation efforts for these more mobile species, some nations have banned targeted fishing for sharks, often at the exclusive economic zone scale, whereas other fishery species can still be targeted [46] . However, although these ''shark sanctuaries'' achieve the very large spatial coverage required to protect mobile sharks, they often do not eliminate shark bycatch and some also allow continued catch by local communities [47] [48] [49] . As such, although they may provide some benefits to shark populations (especially those species that move greater distances), the full benefit will depend on the extent to which overall fishing mortality is reduced.
This study utilized a global dataset of shark abundances and movements; however, the limitations of these datasets must also be considered in the interpretation of the results. For example, the abundance data used in this study were based on MaxN values (i.e., the maximum individuals of a species in a single frame of a video), which is the most commonly used metric from studies using BRUVSs. However, this metric often underestimates true abundance, especially in situations where abundance is high [50] . Although our predictions of the absolute number of sharks conserved in MPAs are likely to be conservative, we aimed to account for uncertainty about the conversion of BRUVS data into absolute abundance data by simulating a conceivable range of BRUVS plume catchment areas as part of a sensitivity analysis. We also acknowledge that the movements of our five reef shark species may vary according to latitude, the size, shape, and degree of isolation of their home reef, and connectivity with neighboring reefs where sharks may move for reproduction or to access predictable prey resources. The placement, number, and extent of acoustic receivers might also influence our ability to determine the true movement extent of tagged sharks. In order to account for this variation, we included empirical tracking data from a large number of individual sharks (n = 459) collected across eight sites in the Indian Ocean, west Pacific, west Atlantic, and Caribbean Sea (Figure S1 ). We were also able to show that although there was some evidence of intra-specific variation in movement extent that could be attributed to tracking location, the expected conservation outcomes for gray reef sharks for a given MPA size were relatively consistent across reefs with varying orientations and receiver designs ( Figure S5 ). This site-based variation was due to a greater weekly dispersal rate for this species at Ningaloo (mean 7.96 km$week À1 ; SD 17.0 km$week À1 ) compared to the other four sites (mean 1.88-4.37 km$week À1 ). In combination, these results will provide a first reference for population viability analyses that could be used to build on the outcomes from this study by determining which MPA sizes can help mitigate local extinction.
Defining the conservation benefits of MPAs to mobile and long-lived species opens the door to future research seeking to predict how MPA size may contribute to the protection and recovery of fish populations. For our study, we selected these five species of reef-associated sharks based on (1) the large number of MPAs established in coral reef habitats; (2) the fact that they are among the best studied of shark species with a large volume of tracking data available; and (3) that they are among the most historically abundant and ecologically important predators on coral reefs with a high incidence of occurrences on BRUVS surveys. Technological advances and the emergence of nationaland global-scale repositories for animal movement data (e.g., [29] ) are helping to amass movement and relative abundance data for a wide variety of aquatic species. Future integration of large and global fish abundance and animal movement datasets within our predictive modeling framework will increase our ability to better design and implement MPAs and other area closures for a wide range of species, including currently data-poor species thought to have a higher extinction risk [46] . Furthermore, by collecting information on species movements across various ontogenies, habitat types, and temperature regimes, future models may also have the capacity to account for site-specific variation in community structure and local environmental conditions. Based on the best currently available knowledge on shark movements and global shark abundances, we conclude that the majority of MPAs around the world cannot be expected to ensure the conservation of coral reef sharks. In order to provide adequate protection from fishing-related mortality, protection efforts for coral reef sharks must instead move toward the enforcement of large MPAs that extend along 50 km or more of continuous reef habitat. However, even large and effective MPAs are unlikely to be sufficient for species conservation unless they are targeted toward regions of high shark abundances. Finally, there is a likely pressing need to reduce total fishing mortality outside of MPAs by combating problems with unintended bycatch as well as with illegal, unreported, and unsustainable shark fishing practices. Given the global decline in elasmobranch species and an increase in market demand, researchers and conservation managers should consider this approach for understanding the efficacy and applicability of the world's MPAs for protecting mobile species, particularly those threatened directly by fishing.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Caribbean reef shark Caribbean reef sharks are the most commonly occurring reef shark species within the tropical western Atlantic and Caribbean Sea. Their global distribution ranges from the northern Gulf of Mexico to the southern coast of Brazil [56] . This species is considered a bottom-dwelling species, known to inhabit deep drop-offs on outer edges of reef systems [56] . Telemetry data show highly variable levels of dispersal capacities and site fidelity across sites within their range [57] [58] [59] . Caribbean reef sharks are taken as bycatch in artisanal and commercial fisheries across the western Atlantic, with fishing pressures high for these species in parts of Brazil and the Caribbean.
Nurse shark
Nurse sharks are a wide ranging tropical and subtropical species commonly found in rocky and coral reef systems, although they are also found in other non-reefal, sandy habitats. Their global distribution encompasses coastal regions in the Atlantic, from the eastern coast of the United States to the southern coast of Brazil in the west-Atlantic, and from the south-western coast of France to west Africa in the east-Atlantic [60] . This species is also found along the eastern Pacific, ranging from the Gulf of California, through Mexico to Peru. Due to their association with reef and non-reefal habitats, this species displays highly variable dispersal capacity closely linked with seasonal and breeding behaviors [44] . This species is currently data deficient, with limited amounts of information to accurately assess its conservation status under the IUCN Red List criteria. The nurse shark is not a targeted species, and experiences limited fishing pressure within their Caribbean range, however are more impacted by degradation of their habitats through indirect fisheries pressures and habitat degradation [10] .
METHOD DETAILS
Overview of Methodology
Individual-based models (IBMs) were constructed using data on individual movements and abundances of five reef-associated sharks to quantify the conservation effectiveness of different sizes of no-take marine protected areas (MPAs), and estimate species-specific fishing mortality levels under each MPA design. Scales of movement were calculated using node-based telemetry to provide information on weekly dispersal potential of individuals including estimates of local range use and maximum dispersal capacities [61] . By calculating species-specific movement profiles based on the movements of tagged sharks, and predicting individual exposure to fishing mortality outside an MPA over a shark's lifetime, we were able to quantify three metrics of MPA performance that are directly informative for marine spatial planning and fisheries management. This included the mean proportion of an individual's activity space that fell within our simulated MPA boundary, the extent to which MPAs reduced annual fishing mortality, and the expected number of individuals where an MPA provided lifetime protection.
Collection of Shark Movement Data
Sharks were implanted with an electronic tag (V13, V16; VEMCO, Nova Scotia, Canada) that transmitted a coded high frequency acoustic signal every 2-3 minutes. Tagged individuals were monitored passively via acoustic receivers (VR2-W, VEMCO) moored at fixed locations around reef systems in five sites in Australia, one site in the West Atlantic and two in the Caribbean Sea ( Figure S1 ). Receivers recorded the occurrence of tagged sharks when within detection range of a receiver (approx. 200 m), and each site had its own arrangement of acoustic receivers. In an attempt to reduce potential biases in our movement estimates related to site-specific factors (e.g., habitat quality, food availability, receiver network design), when possible movement data for the same species were obtained across multiple sites. This included five sites for whitetip and gray reef sharks, three sites for blacktip reef sharks, two sites for Caribbean reef sharks and one site for nurse sharks. More specific details about the telemetry methods can be found in published studies from which the data were taken: whitetip reef sharks (e.g., [37] ), blacktip reef sharks (e.g., [37, 62, 63] ), gray reef sharks (e.g., [41, [63] [64] [65] ), Caribbean reef sharks (e.g., [42] ) and nurse sharks [44] .
Generating Dispersal Distances
Raw tag detections were quality controlled following the procedure outlined by [29] , before being transformed into the maximum observed movement distance an individual traveled between receivers within a set time period ( Figure S3 ). This value was chosen over total distance traveled based on the fact that reef sharks are known to be site-attached and a trajectory measurement would likely over-inflate dispersal estimates. To investigate how tracking duration affected dispersal distances, we converted raw detections of tagged sharks into the maximum observed movement distance traveled by each shark in 1-day, 1-week, 1-month, and 1-year intervals. Only those individuals with > 7 days of detection values were included in our analysis, based on the assumption that a reef shark could theoretically traverse the maximum extent of its home range in this period. By using a standardized dispersal metric and applying this across species, we ensure that our metrics were calculated consistently (regardless of whether they were collected from a singular array, or across multiple projects within a large-scale tracking network) and were not affected by tracking technology or observer error. Dispersal location kernels for each tagged individual were generated based on the distribution of maximum observed weekly movement distances obtained during each tag deployment ( Figure S3 ). Here, the relative likelihood of occurrence is the proportion of time an individual shark spent at given distances away from the center of its home range (i.e., the origin = 0 km). A weekly interval was chosen over a shorter (e.g., daily) interval to capture the extent of a shark's home range, while not being too long to lose resolution in the movement spectrum which relied on replicate dispersal events for the same individual around a center of activity.
Collection of Shark Abundance Data
Standardized metrics of shark abundance were collected using baited remote underwater video stations (BRUVS) deployed across multiple sites in the Pacific (45 sites; 3593 drops), Coral Triangle (11 sites; 782 drops) and Western Atlantic (50 sites; 7692 drops) as part of the Global FinPrint Project (https://globalfinprint.org/) (Figures 4 and S2) . This technique involves a baited camera (GoPro Inc, CA, USA) which recorded the presence of sharks within a 60-minute deployment during daylight hours. Videos were analyzed and the maximum number of sharks seen at any one time within the recorded footage (MaxN) was used as a measure of relative abundance. An average of 113.84 BRUVS were deployed per site (min = 2, max = 1082) to capture variability in the relative abundance estimates across the study sites. Successive deployments within a site were spaced between $500 m apart to minimize the overlap of bait plumes and reduce the likelihood of resighting individuals across multiple BRUVS. Greater detail on methods can be found in [50] .
Identifying High versus Low Abundance Categories
To capture the substantial variation in relative abundance observations across the 106 sites, we divided sampling locations into regions of lower and higher shark abundance for each species. First, we compiled a Jaccard's resemblance matrix to compare the pairwise similarity in the relative abundance (mean MaxN) of each of our target shark species across each site. Next, we applied a complete hierarchical cluster analysis based on these results to assign sites that were most similar in shark counts into a 'high' and 'low' abundance category for each of our five reef shark species ( Figure S2 ). These procedures were performed using the vegan package in R.
Following our cluster analysis, the 'high' abundance category of whitetip, blacktip and gray reef sharks ranged between 1.23 and 1.51 sharks per drop (mean MaxN), whereas the high abundance category for Caribbean and west Atlantic species ranged between 0.37 sharks per drop for nurse sharks and 0.53 sharks per drop for Caribbean reef sharks ( Figure S2) . The low abundance category was similar between species and ranged between 0.20 and 0.28 sharks per drop for whitetip, blacktip and gray reef sharks and 0.10 and 0.11 for nurse sharks and Caribbean reef sharks. When a species was not observed at a particular site during any drops (e.g., a Caribbean reef shark at any of the Pacific or Coral Sea sites), these zero counts were not included in the model simulations.
QUANTIFICATION AND STATISTICAL ANALYSIS
Modeling Environment
All modeling was conducted in one-dimensional space, with simulations calculating the effectiveness of the minimal diameter (in km) of a real two-dimensional reserve ( Figure S4 ). Under this framework we assume that sharks were equally likely to move in any direction along available reef habitat, rather than across a depth gradient in an offshore direction. Modeling environments were created according to three key parameters: (1) the maximum observed movement distance of an individual per week, (2) the size of the MPA to simulate, and (3) the assumed plume catchment area of simulated BRUVS. The size of the MPA and the maximum observed movement distance determined the total extent of the modeling environment: Size of MPA + (2 3 maximum movement distance). This was to ensure that the model would capture any simulated individual that might theoretically experience any level of protection (spend any proportion of time) within MPAs. For example, if a species had a maximum observed movement distance of 15 km, and the MPA size to be analyzed was 30 km, then the modeling environment would extend over 60 km ( Figure S4) .
To select the number of simulated sharks present, we sampled at random from our global BRUVS dataset the maximum number of sharks observed during any given BRUVS deployment (i.e., the MaxN value; Figures 4 and S2) . For example, if MaxN = 2 during a randomly selected BRUVS deployment, then two sharks would be included at this BRUVS location within our hypothetical modeling environment ( Figure S4 ). With complete control over the number of BRUVS deployments in our model, we kept sampling shark numbers in this way until we covered the entire spatial extent of our modeling environment. Variation in total numbers of sharks per unit area was considered by incorporating alternative assumptions about the BRUVS plume catchment area (i.e., the range of shark attraction). Specifying a circular plume catchment area around BRUVS, we assumed that sharks will only be attracted to the baited station if they were within the attraction distance from the location of deployment. By default this attraction distance (the radius) of the plume catchment area was assumed to be 400 m [50] , but alternative values of 200 m and 600 m were also considered resulting in relatively higher (200 m) and lower (600 m) total number of sharks. The spacing of hypothetical BRUVS samples in the model was aligned to the assumed plume catchment radius, to avoid overestimating shark abundance through repeated sampling from overlapping plume catchments. Additionally, shark numbers present at BRUVS were varied according to MaxN observations from sites categorized into either our 'high' or 'low' abundance categories (Figures 4 and S2) .
Shark Movement Profiles
For each shark, we created a movement profile by taking the dispersal location kernels for each tagged individual ( Figure S3 ), and from this created a mirror image that assumes that each measurement represented excursions of variable extent around a center of activity (Figure 1) . Thus, the furthest distance an individual traveled during the tracking period lies at the foot of that individual's movement profile and the sum of values across all distances is always = 1. This method assumes that the likelihood of encountering an individual anywhere along its movement profile is not uniform, but instead has a greater likelihood of being encountered at the center of the movement profile (i.e., the home range centroid). From a conservation perspective, this assumption implies that MPAs need to be situated close to the center of activity to ensure that individuals are effectively protected. In other words, if an MPA covered only 20% of the edge of the movement spectrum of an individual, this did not mean that the likelihood of fishing mortality was 20% lower as assumed under a uniform approach (e.g., [19] ).
By combining the tracking data collected across multiple coral reef sites and incorporating this variation into our model, we aimed to provide more robust measures of effective MPA size for our five species of coral reef sharks. To investigate site-specific variation in movement traits, we also ran our models to identify how the movements of gray reef sharks (and our model-derived estimates of effective MPA size) varied across different acoustic hydrophone location sites ( Figure S5 ). Grey reef sharks were chosen because they had the largest volume of movement data available for these species (179 tags), and the fact that tagged animals were tracked across five sites in the western Pacific and East Indian Ocean. This included Ningaloo (41 sharks), Scott Reef (11), Rowley Shoals (52), Central Great Barrier Reef (36) and Heron Island (39) .
CALCULATING PROTECTION
Clearly defining and stating goals and objectives is an essential first step in creating and managing an MPA -it enables focused design, assessment of effectiveness, and determination of success. However, different MPAs may have different goals and objectives, which may include protecting threatened species, reducing mortality, or restoring depleted populations. Rather than setting one specific goal, modeling outcomes were used to calculate three metrics of MPA performance:
1. Protection (P) 2. Offset in fishing mortality (F Off ) 3. Fully protected sharks (N P ) All metrics represented averages across 1000 replicate simulations per species and MPA sizes between 500 m and 100 km long. Our primary MPA performance metric P specified the mean proportion of an individual's activity space that fell within our simulated MPA boundary. F Off specified the extent to which P in MPAs reduced annual fishing mortality (F), which was assumed to vary between values of 0.05 and 0.3. These values were selected to bracket what was conceptually possible in terms of annual fishing mortality outside coral reef-based MPA boundaries [66] . Values of F are given as instantaneous rates of annual fishing mortality but were converted into discrete mortality rates before calculating other metrics specified below. Offsets were calculated as: F Off = F-F(1-P). Lifetime fishing mortality was calculated by assigning death (and survival) to individuals in every year according to a probability (p F ) equal to F(1-P). The lifetime of simulated shark species was assumed to be 25 years [67] . Thus, only individuals who survived all annual fishing events over their entire lifetime were assumed to be fully protected.
The total number of sharks protected over their lifetime by an MPA (N P ) was calculated as a function of: (1) the total number of sharks spending any time within the simulated MPA boundary; (2) exposure to fishing mortality given the location of a simulated shark's home range centroid and the shape and size of its movement profile; (3) the annual probability of fishing mortality outside of MPAs; and (4) prolonged exposure throughout a reef shark's expected 25-year lifetime. As such, differences between the number of lifetime survivors for fishing mortality levels of 5% versus 30% are less pronounced ( Figure 5 ) than for annual metrics of conservation impact (Figure 3 ). With no protection assumed, an annual instantaneous fishing mortality of 30% translates to a 0.06% probability of survival over 25 years. Assuming the same conditions but 5% fishing mortality, chances of lifetime survival without protection are 29%, which is higher but still low.
Size of coral reef-based protected areas
To calculate the maximum diameter of protected areas that overlap with coral reefs, we used the current global network of protected areas archived by the World Database on Protected Areas (UNEP-WCMC 2019). This dataset is compiled and managed by the UN environment program world conservation monitoring center (UNEP-WCMC), in collaboration with governments, non-governmental organizations, and other data-providers. The WDPA is the most comprehensive global database of marine and terrestrial protected areas, comprising both spatial data (i.e., boundaries and points) with associated attribute data (i.e., tabular information).
For the location of coral reefs we used the current global distribution of coral reefs dataset (UNEP-WCMC, Worldfish Centre, WRI, The Nature Conservancy 2010). This version was released in June 2018 and is the most comprehensive global dataset of warm-water coral reefs to date. This dataset was compiled from a number of sources by UNEP world conservation monitoring center (UNEP-WCMC) and the Worldfish Centre, in collaboration with WRI (World Resources Institute) and TNC (The Nature Conservancy).
As part of the spatial analysis, we determined which closures listed in the World Database on Protected Areas had > 0% of a polygon's area overlapping with any area of coral reef cover. This was performed by using the gContains() function in the rgeos package in R. We did not account for the level of protection offered by individual coral-reef-based managed areas, or the fact that managed areas could be adjacent or overlapping another managed area therefore providing greater spatial coverage in protection. To calculate the diameter of a coral-reef-based managed area at its widest point, we used the st_distance() function in the sf R package to extract the Maximum Great Circle distance (in km) between two points making up the boundary (or boundaries) of the managed area.
